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THE EVOLUTIONARY ECOLOGY OF SPROUTING IN WOODY PLANTS

William J. Bond1 and Jeremy J. Midgley2
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Woody plants may be killed by severe disturbance or resprout from vegetative tissue. Sprouters can persist
at a site through several generations of nonsprouters. Differences in sprouting behavior are therefore important
for understanding vegetation dynamics, extinction risks, and woody plant management. Although sprouting
appears not to be uniquely correlated with many other intrinsic attributes, such as specific leaf area or breeding
systems, a clear correlate is reduced seedling aboveground growth rates from sprouters allocating more to
belowground structures. Consequently, sprouters tend to have low seedling recruitment rates, and saplings
take longer to reach maturity. Sprouters also tend to have lower seed output than nonsprouters, but comparative
studies have seldom taken other trait differences such as plant size into account. Added to these trade-offs
between persistence and recruitment, sprouters are often multistemmed and shorter than related nonsprouters
and may be outcompeted by them when disturbances are rare. Since sprouters tend to have long generation
times, damped demographic trends, and gene flow across generations, it has been suggested that their speciation
rates would be low. The available data, primarily from fire-prone Gondwanan shrublands in South Africa,
show no strong differences in speciation rates of related sprouters versus seeders. This indicates that ecological
factors are important determinants of the evolution of fire life histories. Analysis of disturbance regimes
indicates a fundamental ecological correlate: sprouters are favored where disturbance regimes are frequent
and severe in comparison to regrowth rates. To bridge the gap between ecology and evolution, data are needed
on the genetical differences between related species with contrasting sprouter life histories.
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Introduction

Woody plants either are killed or resprout from vegetative
tissue after severe injury from disturbances such as herbivory,
fire, floods, hurricanes, landslides, or logging. The different
responses to injury are both ecologically and evolutionarily
important. Sprouters can occupy the same space for hundreds
to thousands of years and have minimal changes in population
size. In contrast, nonsprouters are subject to all the vicissitudes
of regeneration from seeds, including pollination and dispersal
failure, seedling mortality, and sapling competition. Charac-
terizing sprouting behavior is therefore important for predict-
ing how species will respond in models of vegetation dynamics,
in determining extinction risks for threatened species, and in
developing utilization methods for woody plant management.
Sprouting behavior may also influence global change responses
since, for example, sprouters often store considerable amounts
of carbon belowground (Langley et al. 2002), which may
change their response to CO2 relative to nonsprouters with
otherwise similar functional traits. The growing interest in
sprouting as a major plant functional trait is reflected in a
number of recent reviews on the topic (Bellingham and Spar-
row 2000; Bell 2001; Bond and Midgley 2001; Del Tredici
2001). Generalizations have begun to emerge from studies of
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sprouting, but these are far less well supported than those
based on seed size (Westoby et al. 1996) or SLA (Reich et al.
1992). Sprouting has not been included in general functional
type systems such as those of Grime (1979; Grime et al. 1997)
or Westoby (1998). There are still many ecosystems and species
for which we have no information at all on sprouting as a
functional attribute.

In this article, we first characterize sprouting using a recent
classification of sprouting mode to help define the considerable
variation seen within and among taxa (Del Tredici 2001). We
then review ideas on selection regimes likely to favor different
modes of sprouting (Ojeda 1998; Bellingham and Sparrow
2000; Bond and Midgley 2001; Del Tredici 2001). There is
growing interest in sprouting as a syndrome rather than merely
as a trait, with distinct trade-offs between persistence and re-
cruitment. We review ideas and data on life history trade-offs
and suggested mechanisms underlying the trade-offs. Ideas on
the macroevolutionary consequences of sprouting are becom-
ing testable with the increasing availability of phylogenies of
genera for which there is also information on sprouting. We
discuss patterns, based on phylogenies of fire-adapted Austra-
lian and South African shrubs, on the evolutionary polarity of
sprouting and on whether nonsprouting clades speciate more
readily. Our analysis is of a preliminary nature and offered in
the hope that we might stimulate more work on the topic to
address hypotheses on adaptive radiation in disturbance-prone
environments.
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Table 1

Sprouting Characteristics in Northeastern North American Trees
(ex Del Tredici 2001)

Type Collar sprouting Root suckering Nonsprouting

Angiosperms:
Saplings 54 17 0
Adults 28 17 26

Conifers:
Saplings 2 0 11
Adults 0 0 13

Note. Values are numbers of species. Seedlings of all species were
capable of collar sprouting.

Types of Sprouting

One of the obstacles to using sprouting as a functional trait
is the complexity of sprouting behavior. Del Tredici (2001) has
provided a particularly lucid account of the morphological
basis of sprouting in temperate trees that throws light on the
situation. In terms of persistence of an individual, the most
useful definition of sprouting is the production of secondary
trunks as an induced response to injury or to profound changes
in growing conditions. Sprouting differs from clonal growth
in that it does not imply the potential for vegetative spread
(Del Tredici 2001). Many more species are sprouters than are
clonal, though most, if not all, clonal woody species sprout.
There is no qualitative difference between sprouting at the base
of the plant or sprouting from branches higher in the canopy,
but the former is the main focus here (see Burrows 2002 for
an analysis of epicormic sprouting in Australian trees).

Del Tredici describes four basic sprouting types: collar
sprouts from the base of the trunk, sprouts from specialized
underground stems (lignotubers and rhizomes), sprouts from
roots (root suckering), and opportunistic sprouts from layered
branches.

Collar sprouts are derived from meristematic tissue in the
axils of the cotyledons of dicotyledonous seedlings. Buds de-
velop from this tissue with a direct connection to the vascular
cylinder. In mature trees, the collar develops at or just below
ground level and can be visible as numerous suppressed buds
protruding from the trunk. Collar sprouts and suppressed buds
are ubiquitous features of temperate angiosperm trees, at least
in saplings, but may be lost from mature trees (Del Tredici
2001). Many conifers lack cotyledonary buds and functional
collars and typically do not sprout. Some fire-adapted species
that lack cotyledonary buds have become sprouters secondarily
by evolving the ability to sprout from axillary buds above the
cotyledonary node (Keeley and Zedler 1998). A more ancient
origin of sprouting in conifers may be present in Sequoia and
Cunninghamia in the Taxodiaceae and Taxus and Torreya in
the Taxaceae (Del Tredici 2001), all of which develop collars
that produce sprouts.

Lignotubers are swollen structures that develop from sup-
pressed buds at the cotyledonary node of seedlings. The struc-
tures protrude from the stem (several meters in some cases) so
that sprouts typically emerge some distance from the primary
stem. The function of lignotubers is still debated (James 1984;
Canadell and Lopez-Soria 1998; Lloret et al. 1999). Though
they are common in fire environments, they also occur where
fires are rare or absent (Lloret et al. 1999). Some lignotubers
store large quantities of starch, which is mobilized for sprout-
ing of stems (Canadell and Lopez-Soria 1998). However, in
other species, lignotubers are not important for starch storage,
and sprouting is not dependent on mobilization of starch from
lignotubers (Cruz and Moreno 2001; Wildy and Pate 2002).
Their main function seems to be to maintain very large bud
banks for continuous (Mesleard and Lepart 1989) or distur-
bance-induced episodic sprouting.

Root suckering allows sprouting plants to propagate vege-
tatively, spreading from the original site of establishment. Del
Tredici (2001) notes that some root-suckering shrubs produce
root suckers spontaneously as part of normal development but
that in most temperate trees, especially from mesic habitats,

root suckering is an induced response to injury such as from
fire or logging.

Finally, many woody species are capable of producing ad-
ventitious roots from lateral branches that come in contact
with the soil. Clearly, the branching architecture will strongly
influence the frequency and ecological importance of layering
as a form of sprouting and vegetative spread (see Feild et. al
2003). We do not further discuss layering in this article.

Table 1 shows sprouting characteristics of northeastern
United States deciduous trees, based on Del Tredici’s four
sprouting types. We know of no other classifications of sprout-
ing behavior in a flora as comprehensive as Del Tredici’s anal-
ysis of temperate deciduous tree species. Lignotubers are com-
mon in many fire-prone ecosystems (James 1984) but also
occur in shrublands where fire is unknown (Lloret et al. 1999).
Root suckering is common in understory woody plants in tem-
perate forests (Del Tredici 2001) and in some mesic savanna
woodlands (Strang 1974), but it is comparatively rare in fire-
prone shrublands (W. J. Bond and J. J. Midgley, personal
observation).

Ontogenetic Variation in Sprouting Characteristics

Sprouting ability varies with the age or size of a plant and
also with the type and severity of injury (Hodgkinson 1998;
Bellingham and Sparrow 2000; Bond and Midgley 2001). All
angiosperm tree species in Del Tredici’s sample are capable of
sprouting from seedling to sapling stage, but many lose the
ability to sprout as adults (table 1). Most conifers, in contrast,
sprout only as seedlings and do not sprout as saplings or adults.
Clearly, the ecological implications of sprouting differ de-
pending on ontogenetic changes in sprouting behavior (Hodg-
kinson 1998) and whether resprouting is associated with the
ability to spread beyond the parent plant by vegetative means
such as root suckering. In fire-prone shrublands, sprouting is
usually described as a binary trait that embraces sprouters and
“seeders,” with some subdivision of sprouting depending on
the frequency of seedling production (Bell et al. 1984; Keeley
1986). In tropical and temperate forests, binary classifications
are more difficult because of size-dependent variation in
sprouting and variation due to the severity of disturbance.

Sprouting ability can be important as part of both the re-
generation niche (Grubb 1977) and the persistence niche (Bond
and Midgley 2001). The regeneration niche concerns factors
influencing the probability of juveniles recruiting successfully
in different environmental settings. For example, variation in
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Fig. 1 Selection regimes favoring the evolution of nonsprouting.
As the frequency of severe disturbance increases, the probability of a
nonsprouter reaching maturity declines. If growth rates are slow be-
cause of low site productivity or plant functional traits, sprouters
would be favored over a wider range of disturbance regimes. Belling-
ham and Sparrow (2000) suggest that nonsprouters would increase
again with very high disturbance, but this is improbable for woody
plants.

sprouting ability at the seedling stage, according to some recent
studies, plays a greater role in deciduous forest dynamics than
interspecific variation in seedling and sapling growth rate, es-
pecially under shady conditions (Canham et al. 1999). The
persistence niche concerns factors that influence the probability
of an established plant maintaining its space in a community
without seedling recruitment. For questions where persistence
of established mature plants is the main concern, we suggest
using adult sprouting behavior as the most useful functional
descriptor of sprouting.

Evolution of Sprouting

Interest in evolutionary aspects of sprouting was sparked by
a seminal paper by Wells (1969). He noted that members of
most woody genera in Californian chaparral recover from pe-
riodic fires by sprouting. However, the two largest genera,
Ceanothus (Rhamnaceae) and Arctostaphylos (Ericaceae), in-
clude both sprouting and nonsprouting species, with the latter
making up nearly 80% of the taxa in both genera. Wells noted
that both life history strategies produced seedlings, typically
only after a fire. However, populations of sprouters recover
from fire mostly by vegetative means, whereas nonsprouters
rely entirely on seeds, for which they seem well equipped,
producing many more seedlings. One result of these divergent
disturbance responses would be that selection on nonsprouters
would be more frequent and intense (hard selection) than on
sprouters (soft selection). Another would be that nonsprouters
should speciate more rapidly, with shorter generation times
and nonoverlapping generations. The large numbers of species
in Ceanothus and Arctostaphylos was no coincidence but
could be explained by their loss of sprouting from sprouting
ancestors.

These ideas—that sprouters are good at persisting but carry
a cost of low seed output, that selection is stronger on non-
sprouters, that sprouting is the ancestral condition, and that
loss of sprouting leads to high speciation rates—have spawned
much of the subsequent literature on sprouters and “seeders”
in Mediterranean-type ecosystems. Keeley and colleagues (Kee-
ley 1977a, 1977b; Keeley and Keeley 1977; Keeley and Zedler
1978) were the first to explore life history trade-offs between
sprouter and nonsprouter species, quantifying allocation pat-
terns, demographic differences, biogeographic patterns, and
selection regimes for sprouter/nonsprouter pairs of Ceanothus
and Arctostaphylos species. Most subsequent studies in fire-
prone shrublands have followed their lead in exploring life
history trade-offs. There are far fewer studies exploring the
macroevolutionary hypotheses of Wells (1969). However, the
hypotheses have been influential in framing ideas on evolu-
tionary trends and speciation rates in disturbance-prone
shrubby floras. For example, Cowling (1987), Cowling and
Lamont (1998), and Wisheu et al. (2000) have argued that the
exceptional species richness of Australian and South African
fire-prone shrublands results partly from high speciation rates
associated with short generation times of nonsprouters.

Selection Regimes and the Distribution of Sprouting

Survival to maturity. Here we consider which component
of the disturbance regimes (frequency, intensity, and variabil-

ity) and which life history attribute (e.g., seedling survival)
best explain distribution patterns of sprouters. Selection for
sprouting as a means of persistence is thought to be strongly
linked to the frequency, severity, and predictability of distur-
bance and how they interact with regrowth rates. Nonsprout-
ers can only survive where disturbances are rare enough, mild
enough, or predictable enough to allow them to reach maturity
before plants are killed. For woody plants, sprouters should
increase with increasing frequency of disturbance (Keeley
1977a; Bellingham and Sparrow 2000; Bond and Midgley
2001). Since growth rates to maturity are influenced by site
productivity, sprouters are likely to be more frequent in un-
productive than productive sites, given similar disturbance re-
gimes (fig. 1; Bellingham and Sparrow 2000). Growth rates to
maturity also depend on intrinsic plant properties (rather than
site properties), including maximum plant size, rates of carbon
gain (correlated with SLA), and wood density. For a given
disturbance regime and site productivity, plants with slow
growth rates to maturity are therefore more likely to be sprout-
ers than nonsprouters (fig. 1).

The disturbance regime (intensity, frequency, predictability)
remains insufficiently documented for most woody ecosystems
to determine which is the crucial disturbance attribute and
which life history attribute is most critical. However, the fre-
quency of nonsprouters has been shown to increase on habitat
islands where fires are less frequent (fewer lightning strikes)
than in large extensive areas (Bond et al. 1988; Clarke 2002).
The relative cover of nonsprouters in California is negatively
correlated with the frequency of lightning fires with highest
cover at lower elevations (Keeley 1977a). Clarke (2002; Clarke
and Knox 2002) studied sprouting behavior in adjacent veg-
etation on rocky outcrops and sclerophyll forests in mesic and
semiarid conditions in eastern Australia. The outcrops have a
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lower fire frequency and higher proportions of nonsprouters
than the adjacent forests. The pattern was found across many
genera and in several different families, suggesting strong se-
lection for nonsprouting life histories where fires are infrequent
(Clarke 2002).

Keeley and Zedler (1998) have provided perhaps the most
comprehensive analysis of how life history traits of trees vary
in relation to disturbance regimes and site productivity. They
show that several traits in conifers, including sprouting, vary
in predictable ways with fire regime and productivity. Sprout-
ing of adult trees in the genus Pinus is restricted to sites with
relatively frequent, predictable, crown-fire regimes. Non-
sprouters occur where crown fires are less frequent (with fire
return intervals in the order of 102 and 103 years). Where the
fire regime is one of low-intensity surface fires, there appears
to be no selection for sprouting. A multivariate analysis of life
history traits showed that sprouting of adult pines was cor-
related with short stature and serotiny (Keeley and Zedler
1998). The important conclusions from this study are that
sprouting is associated with a particular fire regime, rather
than fire per se, and that the severity of the disturbance, not
just its frequency, influences trait distribution.

There are a few observations in the forestry literature that
sprouters are also more common in frequently disturbed sites
and those of lower productivity (Bellingham and Sparrow
2000; Del Tredici 2001; Itoh et al. 2002), but information is
still scanty. Disturbance regimes are often heavily modified by
human activity, and past regimes are difficult to reconstruct in
woody ecosystems because of long disturbance intervals.

Ontogenetic responses. Divergence in adult and juvenile
sprouting behavior would be expected where disturbances kill
juvenile stems but not adults. In savannas, for example, fre-
quent grass-fueled fires kill stems up to a height of ca. 3 m
but cause little damage to stems above this “escape” height
(Trollope 1984; Williams et al. 1999). Sprouting should be
ubiquitous for plants below escape height, but trees that grow
taller can afford to diverge in sprouting behavior. Sprouting
is probably ubiquitous in woody plants caught in the flame
zone of grass-fueled fires in savannas (e.g., Rutherford 1981;
Hoffman 1998), but taller adults vary in sprouting behavior
with as yet poorly known life history consequences. Size-
related differences in the disturbance regime (browsing pres-
sure, branch and tree-fall damage) might also account for ubiq-
uitous sprouting of saplings in angiosperm trees of deciduous
forests but more varied sprouting behavior of adults of dif-
ferent tree species (Del Tredici 2001).

The storage effect. Sprouting may also be selected where
recruitment events are rare and episodic. Populations of sprout-
ers can “store” successful recruitment events (Warner and Ch-
esson 1985) because established plants persist from one rare
recruitment event to the next (Enright and Lamont 1992; Hig-
gins et al. 2000). The storage effect has been suggested as an
important selective pressure for sprouting in fire-prone systems
subject to frequent drought. Where seedlings after a burn face
a high probability of drought death, sprouting would be less
risky than nonsprouting (Enright and Lamont 1992). Ojeda
(1998) noted that the frequency of sprouters in the genus Erica
in the Cape region of South Africa increased in regions with
high drought risk. Fire regimes along the geographic gradient
are similar in frequency and intensity so that the storage effect

is a more likely explanation of the biogeographic pattern. Some
Erica species vary in sprouting behavior, and the sprouting
forms were more common than the nonsprouters in drought-
affected habitats. Schutte et al. (1996) also noted that non-
sprouting legumes in the Cape fynbos were more common in
mesic sites or along valleys and stream banks than in drier
sites. However, the reverse pattern seems to occur in Califor-
nian chaparral, where nonsprouters are more common in drier
sites (Keeley 1977a; Meentemeyer and Moody 2002). Resolv-
ing these conflicting patterns will be difficult for woody plants
because the storage effect operates over long time spans, and
so does the disturbance regime.

Sprouting and Life History Correlates

Sprouting and Recruitment Benefits

Given the benefits of greater persistence of sprouters, it is
puzzling that many species are nonsprouters, especially in fire-
dependent shrublands (Midgley 1996). Two sets of demo-
graphic hypotheses have been proposed to explain the prev-
alence and frequent dominance of nonsprouters: recruitment
advantage and competitive advantage. Keeley and Zedler
(1978) argued that allocation costs of sprouting (such as starch
to roots) would result in reduced allocation to reproductive
effort. Nonsprouters are better placed to colonize gaps that
might appear between sprouters simply because they may pro-
duce greater seed numbers. The trade-off between sprouting
and reproductive effort could mean that nonsprouters have
greater numbers of seeds reaching the gap. Early allocation by
seedlings to storage reserves is another cost to sprouters. Non-
sprouter seedlings can allocate resources to immediate height
growth rather than storage for future survival. They should
therefore have higher growth rates, lower seedling mortality,
and faster maturation than sprouters.

Many studies, mostly in fire-prone ecosystems, have ex-
plored these trade-offs, usually in congeneric pairs of sprouters
and nonsprouters. In general, nonsprouters produce more
seeds than congeneric sprouters growing in the same site (La-
mont 1985; Keeley 1986; Bond and van Wilgen 1996; Verdu
2000; Bond and Midgley 2001). Seedling growth and survival
is also usually greater in nonsprouters than sprouters (Keeley
1977b; Thomas and Davis 1989; Pate et al. 1990; Bell 2001).
However, there are exceptions; Schwilk (2002) reported no
growth differences in a comparison of intraspecific variants of
sprouting and nonsprouting forms of Ceanothus tomentosus.
The juvenile period, for the few species that have been studied,
is much longer in sprouters than nonsprouters (Hansen et al.
1991; Le Maitre 1992; Schwilk 2002).

There are far fewer studies of demographic trade-offs in
ecosystems where fire is not an important disturbance. How-
ever, the persistence/colonization trade-off has been observed
for tropical forests recovering from hurricane damage (Bel-
lingham et al. 1994) and in South African forests (Kruger et
al. 1997). Low levels of seedling recruitment are also a feature
of some particularly persistent sprouting trees in temperate
deciduous forests (Rackham 1986). A pattern of slow seedling
growth rates in sprouters with large belowground allocation
to root reserves seems quite general (Chidumayo 1992; Mc-
Pherson and Williams 1998). However, we know of no studies
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Fig. 2 Seed number versus plant size, measured as canopy volume
(cubic meters) for six species of sprouting (indicated by S) and non-
sprouting Leucadendron species from the Cape fynbos (W. J. Bond
and J. J. Midgley, unpublished data). Comparisons of seed number of
sprouters versus nonsprouters need to take size differences into account
since sprouters are often smaller plants.

comparing recruitment success in paired species that differ in
adult sprouting behavior such as, for example, nonsprouting
versus root-suckering Quercus species.

Trade-off Mechanisms

Allocation. Several possible mechanisms have been sug-
gested to explain demographic trade-offs often observed in
sprouter/nonsprouter comparisons. Differences in resource al-
location have now been studied in many shrub species in fire-
prone ecosystems. In surveys of Australian and South African
shrubs from fire-prone ecosystems, sprouters generally allo-
cated more carbon to starch or other reserves in the roots (but
not the shoots) than nonsprouters (Pate et al. 1990; Bell et al.
1996; Bell and Ojeda 1999). Nonsprouters had much higher
shoot-to-root ratios and faster growth rates than sprouters.
The most convincing evidence for a dichotomy in allocation
strategies of seedlings comes from analyses of intraspecific var-
iation for the trait. Verdaguer and Ojeda (2002) compared
early growth and allocation to starch in two species of Erica
from the Cape fynbos, both of which have both sprouting and
nonsprouting variants. The sprouters accumulated large
amounts of starch in root parenchyma, whereas nonsprouters
had little or no starch. Since the plants were grown from seed
under the same glasshouse conditions, the allocation differ-
ences are likely genetically determined. Schwilk (2002) has
found similar patterns in a chaparral species. He grew sprout-
ing and nonsprouting variants of C. tomentosus under com-
mon conditions and reported significantly greater total non-
structural carbohydrates in the roots of sprouters. The
implication of these studies is that sprouting carries a consid-
erable establishment cost for sprouter seedlings since they have
to accumulate belowground reserves at the expense of shoot
and root growth.

Differences in seedling allocation patterns to storage have
also been observed in forest trees. Indeed, the only analytical
model exploring optimal allocation patterns for sprouting has
been developed in the context of temperate deciduous forests
(Iwasa and Kubo 1997). Kobe (1997) has suggested that al-
location to storage may be an effective strategy of shade tol-
erance because it is relatively inexpensive under low light, and
it provides a buffer against stresses. Canham et al. (1999)
reported increased survival of defoliated tree seedlings of four
temperate deciduous tree species, with increasing allocation to
nonstructural carbohydrate. However, not all sprouting trees
utilize stored carbon. Sakai et al. (1997) compared allocation
patterns in three tree species that sprout vigorously after dam-
age by frequent landslides. Two of the species store large
amounts of starch, but one does not. Instead, it remobilizes
current photosynthate to support resprouting stems (Sakai and
Sakai 1998). It is not known how common this “resource
remobilization” mechanism is in trees nor how much it reduces
demographic and growth rate trade-offs of recruits. At least
some of the variability in trade-off patterns may result from
resource remobilization versus utilization of stored reserves for
subsidizing sprouting shoots.

Seed Production

Once adequate reserves have been laid down to support
future sprouting, allocation of current photosynthate to stor-

age should decrease. Indeed, Cruz and Moreno (2001) found
no biomass trade-off between reproductive effort and starch
storage in lignotubers of adult Erica australis. It is therefore
surprising that seed production in adult plants is often greater
in nonsprouter-sprouter comparisons. Seedbank comparisons
between sprouters and nonsprouters have usually controlled
for phylogeny in the sense that comparisons are typically made
between intrageneric species growing in the same site. How-
ever, unlike analyses of the ecological importance of seed size
(Jacobsson and Eriksson 2000), most studies have not taken
into account other sources of variation such as differences in
plant size or seed size between contrasted species. Especially
in fire-prone ecosystems, sprouters are typically multistemmed
and shorter than nonsprouters. Size differences alone might
account for larger seed numbers in nonsprouters (fig. 2).

Sprouting, Plant Size, and Competition

A second important cost of sprouting, independent of al-
location to storage, is reduced plant height of sprouters relative
to nonsprouters. Midgley (1996) noted that nonsprouters are
typically single stemmed and taller than co-occurring conge-
neric sprouters. He suggested that nonsprouters would gain a
competitive advantage through their single-stemmed habit and
greater height, overtopping multistemmed sprouters. Height
differences alone might account for the frequent dominance of
nonsprouters in fire-prone ecosystems. However many plants
are capable of thinning sprouting stems down to a single trunk
(including the tallest tree on earth, Sequoia sempervirens).
Where species lack the capacity to thin out stems and remain
multistemmed as adults, the height trade-off associated with
sprouting may favor nonsprouters in competition for light.

Reproductive Performance

Wells (1969) argued that nonsprouters would be subjected
to more frequent and intense selection than sprouters. The
demographic expression of these differences might be, for
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sprouters, poorer seed production and reduced seedling vitality
relative to nonsprouters . However, persistence at a site brings
its own additional problems and may result in different selec-
tion pressures on sprouters, for example, for greater dispersal
(away from the adult) than nonsprouters (Carpenter and
Recher 1979; Keeley 1986). There have been various tests of
these hypothesized secondary traits associated with sprouting
(reviewed in Whelan 1995). For example, a comparison of
serotiny (“closed cone behavior”) in Proteaceae showed that
sprouters tended to be weakly serotinous and nonsprouters
strongly serotinous (Lamont et al. 1985). Since no allocation
cost has yet been attributed to serotiny, these differences sug-
gest stronger selection on maintaining larger seedbanks in
nonsprouters.

There have also been suggestions that nonsprouters should
evolve self-compatible breeding systems because of the pre-
mium on seed production, whereas sprouters are more likely
to evolve xenogamy (Carpenter and Recher 1979; Fulton and
Carpenter 1979). Xenogamy might lead to lower seed pro-
duction in sprouters because of pollinator failure or incom-
patibility problems. However, there is no clear pattern in the
few studies that explore possible correlates with sprouting and
breeding systems (Lamont et al. 1998).

The question of whether selection for factors influencing
seedling regeneration is weaker in sprouters or merely different
from nonsprouters has been elegantly addressed by Clark
(1991). He modeled optimal maturation for two co-occurring
pine species, Pinus resinosa, a sprouter, and Pinus banksiana,
a nonsprouter, both exposed to the same fire regime. His model
tested the assumption that alternative life history strategies
maximize different quantities: the number of reproductive ep-
isodes in sprouters and the probability for nonsprouters of
being reproductively mature at the time of the next fire. He
found a good fit between predicted and observed maturation
times (55 yr for the sprouter and just 25 yr for the non-
sprouter). The implication is that secondary life history traits
may diverge when plants evolve different sprouting strategies
because they are exposed to different selection pressures and
not because selection is weaker in sprouters.

Recently, Lamont and Wiens (2003) have proposed another
consequence of sprouting related to differences in life span.
Sprouter life spans, at least in fire-prone ecosystems, are
thought to be 10 to 100 times longer than nonsprouters (Bond
and van Wilgen 1996). Lamont and Wiens suggest that sprout-
ers are likely to accumulate deleterious alleles from somatic
mutations over their long lives (Wiens et al. 1987), whereas
nonsprouters would purge them at each successive recruitment
episode. They suggest that sprouters would carry a high genetic
load and that this would most likely be expressed in poor fruit
and seed set. As an example, they cite Banksia elegans, a root-
suckering shrub that produces nonviable pollen in some clones,
rendering them barren. The genetic load hypothesis might help
explain the enigmatic very low occurrence or complete absence
of seed set in some vigorously sprouting lignotuberous species
(such as Retzia in Cape fynbos), which show no other obvious
reproductive problems.

Summary of Trade-Offs

Among the various trade-offs suggested for sprouters versus
nonsprouters, the clearest difference seems to be in relative

growth rate of seedlings. Growth rate differences also make
sense because of the divergent allocation requirements of
sprouters and nonsprouters. However, these establishment
trade-offs are likely to be restricted to fire-prone ecosystems.
In temperate and tropical forests and in savannas, most, if not
all, woody angiosperms resprout as seedlings and saplings. All
should face similar trade-offs between allocation to above-
ground growth versus belowground storage at the seedling
stage. Persistence versus colonization trade-offs between spe-
cies that differ in adult sprouting strategy cannot easily be
explained by allocation differences at juvenile stages.

Sprouting and Macroevolution

Very few studies have explored the longer term evolutionary
implications of sprouting suggested by Wells (1969). Is sprout-
ing an ancestral trait in angiosperms? Is sprouting behavior
an evolutionarily conservative trait? Are there phylogenetic
patterns in the distribution of sprouting among major clades?
And, as Wells (1969) suggested, does loss of sprouting promote
speciation?

Tiffney and Niklas (1986) analyzed trends of clonal growth
forms as revealed in the fossil record. Their clonal types include
rhizomes, basal suckering (equivalent to crown sprouting),
root suckering, and layering. All early land plants spread clon-
ally by rhizomes. The frequency of clonal (sprouting) forms
declined with the appearance of aclonal trees, increasing again
only with the appearance of angiosperm herbaceous forms,
including grasses, in the Tertiary period. The trade-off between
height and sprouting seen in many contemporary floras (Midg-
ley 1996) seems to have long antecedents.

Clearly, the nuances of sprouting behavior in trees (Del Tre-
dici 2001) are unlikely to be preserved in the fossil record.
Unfortunately, phylogenetic patterns in contemporary floras
have been little explored. The conifers form an interesting
group worthy of further phylogenetic and ecological analysis
of sprouting behavior. Sprouting is generally rare in conifers,
with root collar sprouting apparently restricted to Taxodiaceae
and Taxaceae in the northern hemisphere (Del Tredici 2001).
In the southern hemisphere, several conifers in south temperate
forests sprout, including species of Athrotaxis, a genus in the
Taxodiacae in Tasmania, which produce root suckers, and sev-
eral members of the Podocarpaceae (e.g., Lagarostrobus, Phyl-
locladus; Gibson et al. 1995). These forests seldom or never
burn. In marked contrast, sprouting also occurs as a probable
fire adaptation in several species of Pinus occurring in shrub-
lands or grasslands subject to frequent crown fires (Keeley and
Zedler 1998). Sprouting ability in these species is derived sec-
ondarily from buds above the root collar. In the southern
hemisphere, a similar group of fire-adapted sprouting conifers
in the Cupressaceae and Podocarpaceae occur in comparable
fire regimes (Midgley et al. 1995; Keeley et al. 1998). Thus,
sprouting appears to have evolved under quite different selec-
tive regimes in conifers: in frequently disturbed crown fire re-
gimes and in forests where fire is not an important factor. The
latter appears to be of more ancient origin, but the costs and
benefits of sprouting in these systems has yet to be explored.

We know of no formal analysis of variation in sprouting
among angiosperm families, though it would be interesting to
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Fig. 3 Phylogeny of Banksia (Proteaceae) based on chloroplast DNA (ex Mast and Givnish 2002) showing distribution of sprouting (black
bands) and nonsprouting life history strategies. Taxa with gray bands have both sprouting and nonsprouting populations. Dryandra is included
in the paraphyletic Banksia.
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Fig. 4 Diversification of sprouters versus nonsprouters in Banksia
(Proteaceae) in Australia, based on a molecular phylogeny (Mast and
Givnish 2002). The number of terminal taxa in monophyletic clades
is significantly greater in nonsprouters than sprouters (Mann-Whitney
U-test, adjusted Z value 2.48, ).P ! 0.05

determine whether loss of sprouting is more prevalent in some
families than others.

Phylogenetic Analysis

The increasing availability of phylogenies for genera with
well-known sprouting behavior creates new opportunities for
testing Wells’s evolutionary hypotheses. A molecular phylog-
eny for Ceanothus, the large chaparral genus with nearly 80%
of its members nonsprouters, has been published recently (Har-
dig et al. 2000). The basal division between the subgenus Ce-
rastes (all nonsprouters) and the subgenus Ceanothus (mostly
sprouters with some nonsprouters) is very well supported. This
indicates an early separation of the genus into sprouting and
nonsprouting clades, with several more recent shifts to non-
sprouting in subgenus Ceanothus. Unfortunately, clades within
the subgenera are poorly resolved. A new molecular phylogeny
of Rhamnaceae can help resolve the question of whether
sprouting is ancestral or derived in Ceanothus (Richardson et
al. 2000) once sprouting behavior has been characterized for
related genera. At least one of these genera, Phylica, from
Africa and nearby islands, has both sprouting and nonsprout-
ing species (F. Weitz, personal communication, 2003) and, like
Ceanothus, has speciated extensively (1100 species) in Cape
fynbos.

Molecular phylogenies have recently become available for
two large genera in the Proteaceae, Banksia in Australia and
Protea in Africa. Both genera occur in fire-prone shrublands;
sprouting behavior of the taxa is well known (George 1981
for Banksia; Rebelo 1996 for Protea), and phylogenies are
available for both (Thiele and Ladiges 1996; Mast 1998;
Reeves 2001 for Protea; Mast and Givnish 2002 for Banksia).

Banksia

Is sprouting ancestral, and is the loss of sprouting a derived
trait, as suggested by Wells (1969)? In their morphologically

based phylogeny of Banksia, Thiele and Ladiges (1996) in-
cluded the presence or absence of a lignotuber as one of the
characters. A molecular phylogeny, based on chloroplast DNA
and nuclear ribosomal DNA sequence data of 18 species of
Banksia and five of Dryandra, is congruent with the morpho-
logical cladistic analysis (Mast 1998), except that Banksia ap-
pears to be paraphyletic and includes the monophyletic Dryan-
dra. A more complete molecular phylogeny of Banksia has
recently been published (Mast and Givnish 2002) and includes
several species of Dryandra. We scored terminal taxa on their
phylogeny for sprouting behavior (George 1981; Thiele and
Ladiges 1996). The phylogenetic analysis of Banksia (exclud-
ing Dryandra) shows that sprouting is a highly homoplasious
character (fig. 3). Many (eight) terminal sister taxa in the phy-
logeny have contrasting sprouting modes. Some species contain
both sprouting and nonsprouting populations. For example,
Banksia violacea, a member of a nonsprouting clade in the
series Abietinae, has some sprouting populations with ligno-
tubers. In short, there is very little phylogenetic pattern in the
appearance of sprouting or nonsprouting in Banksia. Clearly,
sprouting behavior is a poorly conserved trait in this genus,
and the high levels of homoplasy indicate that fire life history
is an evolutionarily labile trait.

We tested the hypothesis that nonsprouting leads to greater
speciation by comparing the number of species in clades with
uniform fire life histories. If nonsprouting promotes speciation,
than we would expect that clades uniform for this trait should
have more species than sprouting clades. Since many of the
clades are poorly resolved and there are many polytomies,
there are many single-species clades from this Banksia phy-
logeny. The frequency distribution of species/clade for sprout-
ers versus nonsprouters is shown in figure 4 (terminal taxa
with mixed strategies are counted as nonsprouters). Non-
sprout-
ers have significantly more species per clade than sprouters.
Among sprouters, 30 clades have only a single species, and
only three have more than one species. Nonsprouters have
fewer (19) monospecific clades and 10 with two or more spe-
cies (up to a maximum of five). This analysis, therefore, finds
weak support for the hypothesis that loss of sprouting is as-
sociated with greater speciation. About half the genus consists
of sprouting species. However, the most striking feature of the
phylogeny is the fact that both life history types occur in many
polytomies, indicating rapid evolutionary divergence of both
sprouters and nonsprouters. The problem of whether sprouting
is ancestral in the genus requires more analysis. However, the
answer is of little relevance to Wells’s argument, given the
homoplasious nature of the trait.

Protea

Protea has evolved convergent features to Banksia in the
fynbos vegetation of the Cape region of South Africa (Cowling
and Lamont 1998). It differs in the much greater prevalence
of nonsprouting species (170% of Cape species). However,
Protea also extends to summer rainfall areas of South Africa
where several species form the tree component of mesic, fre-
quently burnt savannas. All 16 summer rainfall taxa sprout.
Reeves (2001) has produced a molecular phylogeny of the
genus. We used the same procedure as for Banksia to test
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Table 2

Number of Species and Relative Diversification Rates (DR) of
Sprouting and Nonsprouting Protea Clades

Nonsprouters Sprouters

Number of taxa DR Number of taxa DR

2 0.0427 3 0.0278
5 0.0463 2 0.0278
10 0.0467 3 0.0285
5 0.0556 Monospecific clades:
8 0.0452 6
4 0.0355 Summer rainfall clade:
5 0.0648 16 .0667
2 0.0694

Monospecific clades:
6

Note. Rates estimated from a molecular phylogeny of Protea
(Reeves 2001).

Fig. 5 Diversification of sprouters versus nonsprouters in Protea
(Proteaceae) in the Cape region of South Africa. The number of ter-
minal taxa in monospecific clades is significantly greater in nonsprou-
ters than sprouters (Mann-Whitney U-test, adjusted Z value 2.06,

). The analysis is based on a molecular phylogeny by ReevesP ! 0.05
(2001).

Table 3

Number of Shifts between Different Life Histories in Cliffortia L.
(Rosaceae) (ex Whitehouse 2003)

Sprouting mode Changes Reversals

Nonsprouter to crown sprouter 7 0
Nonsprouter to clonal sprouter 12 8
Clonal sprouter to crown sprouter 1 0

whether nonsprouter clades are richer in species than sprouters
(fig. 5). As in Banksia, the results show that nonsprouting
clades have significantly more species than sprouters, consis-
tent with Wells’s hypothesis. However, it is again striking that
sprouting is a highly labile trait with numerous monophyletic
sprouting clades, suggesting that sprouting has evolved inde-
pendently many times. The high origination rate of sprouting
is only revealed in phylogenetic analysis and not in the overall
frequency of sprouters in the genus.

The above analysis is flawed, however, by not taking time
of divergence into account (Magallon and Sanderson 2001).
We do not have enough sister clades to make statistically rig-
orous comparisons of species richness versus life history.
Reeves used her phylogeny to test relative rates of speciation
based on number of base pair substitutions (Reeves 2001). She
analyzed sprouting and nonsprouting patterns to test whether
speciation rates are greater in nonsprouting taxa. All mono-
phyletic groups made up exclusively of nonsprouters or sprout-
ing species were identified from the tree. Diversification rate
was estimated for each of these clades based on sequence dif-
ferences. Average diversification rates were then calculated for
nonsprouters and sprouters, including all lineages for which
the diversification rate was zero (i.e., clade of one species). For
comparison, diversification rate was also estimated for the
summer rainfall sprouting clade (which includes tropical and
South African representatives).

As in Banksia, Reeves (2001) noted that switches between
traits have occurred several times within the genus. Estimated
diversification rates for eight exclusively nonsprouting and
three sprouting clades are listed in table 2. The values estimated
for nonsprouters are all higher than those estimated for sprout-
ing clades. Including all the lineages for which diversification
rate was zero, the overall speciation rate for nonsprouters was
more than three times greater than for sprouters. The difference
in mean speciation rate is statistically significant. In Protea,
increased diversification rate is certainly associated with “re-
seeding” lineages in Cape taxa. However, estimated diversifi-
cation rate for summer rainfall lineages, all of which are sprout-
ers and which are monophyletic, were higher than all but one
of the estimates for nonsprouting lineages in the Cape. Reeves

(2001) concludes that sprouting per se does not inhibit spe-
ciation. She suggests that the real problem must be high ex-
tinction rates for sprouters in the winter rainfall–shrubland
fire regimes. Sprouting appears to be an evolutionary dead end
for fynbos Protea but not, apparently, for southwestern Aus-
tralian Banksia, where sprouters are numerous. Fires are more
frequent in Australian kwongan and may have selected for
more sprouter species, consistent with the ideas that frequent
disturbance favors sprouters (Cowling and Lamont 1998).
Lower fire frequencies in fynbos not only favor persistence of
nonsprouters but may also account for higher extinction rates
of sprouters since there is more time for nonsprouters to over-
top and shade out sprouting congeners (Midgley 1996). In
summer rainfall vegetation, sprouting proteas usually form
trees in grasslands or low shrublands where fires are too fre-
quent for taller nonsprouting competitors.

Cliffortia

Speciation patterns in relation to sprouting have also re-
cently been explored for the large genus Cliffortia (Rosaceae),
mostly shrubby species common in Cape fynbos (Whitehouse
2003). Cliffortia differs from many fynbos genera in having a
number of root-suckering species as well as root crown sprout-
ers and nonsprouters. Of the 113 Cape species for which
sprouting strategy is known (out of 131 species), 38.9% are
clonal (root suckering), 10.8% are root crown sprouters,
47.8% are nonsprouters, and 2.7% have mixed strategies.
Whitehouse noted that fire-survival strategy was the most
homoplasious of all the morphological characters used in his
analysis. According to his phylogeny, nonsprouters are derived
only from clonal sprouters and not from crown sprouters (table
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3). Nonsprouting ancestors have generated both clonal and
crown sprouters repeatedly (table 3), a pattern completely con-
tradicting Wells’s hypothesis for the directionality of evolution
in chaparral Ceanothus and Arctostaphylos life histories. As
in Banksia and Protea, fire survival strategy in Cliffortia is a
highly labile evolutionary trait.

These first attempts at exploring the evolution of sprouting
using phylogenies are still very preliminary. However, they are
all similar in indicating that, at least as a fire survival strategy,
sprouting is not a conserved trait. H. P. Linder (personal com-
munication, 2001) has found similar homoplasies as regards
sprouting in a phylogeny of Cape Restionaceae. Aberrant
sprouting variants of nonsprouting species have also been
found in Ericaceae (Ojeda 1998) and Fabaceae in the Cape
(Schutte et al. 1995). It would seem, at least for these examples,
that sprouters have evolved from nonsprouters many times.
Longer life spans do not seem to be an obstacle to generating
novel genomes. Perhaps, as suggested by Reeves (2001), we
should be exploring rates of extinction rather than speciation
to account for different proportions of the life history strategies
in fire-dependent shrublands. Certainly, these initial results are
at variance with long-held generalizations on the evolutionary
consequences of fire survival strategies stemming from Wells
(1969). Hypotheses for the high species richness of floras with
many nonsprouters (Cowling 1987; Wisheu et al. 2000), based
on the assumption of higher speciation rates, clearly need to
be revisited as more data accumulates.

The idea that sprouting slows speciation has also been chal-
lenged by Lamont and Wiens (2003). They note that many
species-rich genera in fire-prone ecosystems contain numerous
sprouting species. Sprouters make up 49%–75% of local floras
in southwest Australia (Bell 2001) and comprise just over half
of a sample of 4418 species of the Cape flora (Le Maitre and
Midgley 1992). They suggest that higher genetic load in sprout-
ers, accumulated by somatic mutation over their long lives,
not only will accumulate deleterious mutations but may also
be a source of genetic novelty. They suggest that “coupling
strong xenogamy-longevity with frequent fire maximizes op-
portunities for production of novel offspring via the high mu-
tational load of the parents” (Lamont and Wiens 2003). This
mechanism might explain why speciation rates among sprout-
ers can keep pace with nonsprouters.

Conclusion

Variability in sprouting is widespread in woody taxa.
Sprouting behavior is an ecologically important trait for un-
derstanding vegetation change but is still poorly described in
many biomes. Though many studies in fire-prone ecosystems
and some in forests indicate a persistence/colonization trade-
off, the generality of these patterns needs much further testing
for a much wider range of species and ecosystems. The tools
to explore evolutionary patterns and processes linked to
sprouting have only recently become available with the de-
velopment of phylogenetic methods and the growing availa-
bility of molecular phylogenies. Initial results indicate that
sprouting is not a conserved trait and that it is highly labile,
at least for three large fire-adapted genera. Reversals are com-
mon, and there is little support for the suggestion that sprout-
ing is ancestral, or a conserved trait, in these taxa. Though
there is weak support for the idea that speciation rates are
higher among nonsprouters, it is too weak to use as an ar-
gument that selection for nonsprouting life histories has been
a major factor in speciation in the rich floras of the Cape,
southwest Australia, and other regions where nonsprouters are
common. Instead, it seems that diversification is generally high
in these areas for both life history types. In conclusion, it ap-
pears that the hypotheses of Wells (1969) are both incorrect
in pattern (speciation rates) and process (allocation). Biogeo-
graphic patterns suggest that strong ecological factors explain
abundance and numbers of species of sprouters.
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